Abstract. Dermal microvascular endothelial cells contribute to cutaneous inflammation by secreting proinflammatory cytokines and chemokines. We show here that low extracellular magnesium stimulates the secretion of interleukin 8 and monocyte chemoattractant protein-1 in dermal microvascular endothelial cells. This secretory pattern might result from interplay between NFB, the master regulator of inflammation, and PPAR␥, a transcription factor that has emerged as an inhibitor of inflammation. Indeed, both NFB and PPAR␥ are activated in dermal microvascular endothelial cells cultured in low magnesiumcontaining medium. In conclusion, we hypothesize that PPAR␥ and NFB might contribute to the response of these cells to low Mg.
Endothelial cells line the inner surface of blood vessels and are fundamental in the maintenance of vascular tone, blood fluidity, coagulation, nutrient delivery, and transfer of immune cells across the vascular wall [1, 2] . Because of the diversity of vascular channels and hemodynamics, endothelial cells show a high degree of phenotypic heterogeneity. In particular, endothelial cells from large vessels are very different from microvascular endothelial cells as regards their gene expression profile [3] . This is due, in part, to differences in the mechanical and structural characteristics linked to the different vessel caliber, in part to signals from the different tissue microenvironments, and also to the different functions exerted by the endothelium in different tissues.
In general, microvascular endothelial cells are highly-specialized regulators of tissue homeostasis and are fundamental in inflammation and angiogenesis [4] . In inflammation, microvascular endothelial cells are activated, become more permeable, favor leukocyte extravasation and also release a range of mediators.
Magnesium (Mg) deficiency promotes inflammation in vivo and in vitro [5] . In rats, Mg depletion leads to erythema, hyperemia, and edema [6] , all processes which indicate the involvement of microvascular endothelial cells. We have shown the upregulation of interleukin (IL)-1s, the typical pro-inflammatory cytokines, and IL-6, a pleiotropic cytokine that has been implicated in inflammation [7] , in cultured, murine lung capillary endothelial cells exposed to a Mg-deficient medium. It is interesting to point out that serum IL-6 is high in rats fed a Mg-deficient diet [6] . There are several studies available concerning the effects of Mg, endothelium and inflammation on human endothelial cells derived from the umbilical vein (HUVEC), which are widely considered to be a model of macrovascular endothelium. In HUVEC, low Mg rapidly activates NFB [8] , a dimeric transcription factor recognized as the key regulator of proinflammatory gene expression [9] . NFB activation leads to marked alterations of the cytokine network, and to a significant increase of the expression of adhesion molecules [8, [10] [11] [12] . Interestingly, we also found increased levels of IL-1␣, RANTES, IL-8 and platelet-derived growth factor BB, all important players in atherogenesis [8, 12] .
However, HUVEC do not reflect the highly specialized nature of microvascular endothelial cells. We focus here on human microvascular dermal endothelial cells, known to be important players in cutaneous inflammation, since they secrete proinflammatory cytokines and chemokines and also express adhesion molecules [4, 13] . We investigated the activation of NFB, and also PPAR␥, a nuclear receptor and transcription factor that has emerged as an inhibitor of inflammation, in these cells, cultured under Mg-deficient conditions.
Methods and materials

Cell culture
Human dermal microvascular cells (HMEC, from CDC, Atlanta, USA) were grown in MCDB131 containing epidermal growth factor (10 ng/mL), hydrocortisone (1 g/mL) and 10% fetal bovine serum on 2% gelatin-coated dishes [14] . A Mg-free medium was purchased from Invitrogen (San Giuliano, Italy), and used to expose HMEC to 0.1 or 1.0 mM Mg by the addition of MgSO 4 [8, 14] .
Reporter gene assay
To study NFB activity, subconfluent HMEC were transfected with a luciferase reporter plasmid (0.2 g/cm 2 ) containing multiple copies of the NFB consensus (pGL4.32[luc2P/NFB-RE/Hygro] vector, (Promega, Milano, Italy) using Arrest-in (Invitrogen) [8] . To study PPAR␥ activity, sub-confluent HMEC were transfected with plasmid pDR1-Luc (0.2 g/cm 2 ) (kindly provided by J.M Zingg, Switzerland) [15] . In both cases, the cells were co-transfected with the phRL-TK plasmid encoding Renilla luciferase (5 ng/cm 2 ), as a control for differences in transfection efficiency. The cells were then exposed for 24 h to either a 0.1 or a 1.0 mM Mg-containing medium. Firefly and Renilla luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega Italia, Milano, Italy), according to the manufacturer's instructions. Firefly luciferase activity was normalized to Renilla luciferase activity. Results are shown as the mean of the ratio of Relative Luciferase Unit (RLU) versus the controls ± SD of three separate experiments.
Protein array, western blot analysis and ELISA HMEC were cultured in medium containing 0.1 or 1.0 mM Mg for two days. Conditioned media were used to incubate the membranes onto which 40 antibodies against cytokines had been spotted in duplicate (RayBiotech, Milano, Italy) [8] . The assay was performed according to the manufacturer's instructions. Densitometry was performed on all the spots using ImageJ software.
For western blot, cell extracts were resolved by SDS-PAGE, transferred to nitrocellulose sheets at 200 mA for 16 h, and probed with anti-PPAR␥, anti-p65, anti-TATA binding protein (TBP) and anti-GAPDH antibodies (Santa Cruz Biotechnology, Magenta, Italy). Secondary antibodies were labelled with horseradish peroxidase (GE Healthcare, Milano, Italy). The SuperSignal chemiluminescence kit (Pierce, Rockford, IL, USA) was used to detect immunoreactive proteins. The experiment was repeated three times with comparable results.
Monocyte chemoattractant protein-1 (MCP-1) and IL-8 levels were measured using a double-antibody sandwich ELISA (GE Healthcare) according to the manufacturer's instructions. The concentrations of MCP-1 and IL-8 were determined by interpolation from a standard curve and shown as the mean ± SD of three separate experiments in triplicate.
Immunofluorescence staining
For immunofluorescence, HMEC seeded onto gelatin-coated coverslips were washed, fixed in PBS containing 3% paraformaldehyde and 2% sucrose, permeabilized with Hepes-Triton, incubated with anti-p65 antibodies (Santa Cruz Biotechnology), and stained with rhodaminelabeled swine anti-rabbit immunoglobulins (Invitrogen). Lipopolysaccharide (LPS) (1 g/mL) was used as a positive control. Staining with rabbit non-immune IgGs did not yield any significant signal.
Statistical analysis
Statistical significance was determined using Student's t test and set at p values less than 0.05. In the figures: * p<0.05; ** p<0.01; *** p<0.001.
Results
Activation of NFB in Mg-deficient HMEC
We examined the effects of low Mg on NFB activation. Since NFB activation requires the nuclear translocation of the p65 subunit of NFB, the localization of p65 in HMEC was visualized by immunofluorescence. In HMEC in 1.0 mM Mg, p65 was localized mainly in the cytoplasm. After a 2-h culture in 0.1 mM Mg, there was predominant nuclear staining for p65. Treatment with LPS in the last 60 min of the incubation was used as a positive control ( figure 1A) . The localization of p65 was then confirmed by western blot on cytosolic and nuclear fractions, which demonstrated that p65 decreased in the cytosol and accumulated in the nuclei after 2 h of culture in 0.1 mM Mg ( figure 1B) .
We then investigated whether the nuclear translocation of p65 in Mg-deficient HMEC correlated with the functional induction of NFB as demonstrated by a reporter gene assay using a vector expressing luciferase under the control of multiple copies of the NFB responsive consensus. The construct was transiently transfected into HMEC, and four hours later the cells were exposed to either 0.1 or 1.0 mM Mg-containing medium. An increase of luciferase activity was observed in cells exposed to 0.1 mM Mg, indicating the transcriptional activation of NFB ( figure 1C) . LPS was used as a positive control and was shown to induce NFB activity in cells cultured in 0.1 or 1.0 mM Mg-containing media.
Increased release of MCP-1 and IL-8 in Mg-deficient HMEC
Culture media were collected from HMEC exposed for 48 h to 0.1 or 1.0 mM Mg. To overview quickly whether different concentrations of extracellular Mg could impact on the secretome, we used a protein array tailored to analyze 40 proteins involved in inflammation and angiogenesis [8] . All of the spots were quantified by densitometry. Out of the 40 proteins evaluated, only MCP-1 and IL-8 were found to be significantly changed in media collected from Mg-deficient HMEC, while no significant changes in IL-1s, tumor necrosis factor (TNF) ␣ or IL-6 were detected ( figure 2A) .
We then validated the increases in IL-8 and MCP-1 in the media from Mg-deficient HMEC using ELISA ( figure 2B) .
Activation of PPAR␥ in Mg-deficient HMEC
We first investigated whether PPAR␥ expression was altered by exposure to low Mg-containing medium. HMEC were cultured in 1.0 or 0.1 mM Mg for 24 and 48 h, and the total amounts of PPAR␥ were evaluated. Western blot revealed no changes in PPAR␥ ( figure 3A) .
To determine whether the transcriptional activity of PPAR␥ was modulated under our experimental conditions, we transfected subconfluent cells with a vector expressing luciferase under the control of a PPAR␥ responsive consensus. After four hours, the transfected cells were exposed to either 1.0 mM or 0.1 mM Mg-containing medium. Some of the samples were treated with 15-deoxydelta 12,14-prostaglandin J2 (15-PGJ2) (10 M) as a positive control. We found that culture in 0.1 mM-containing medium activated PPAR␥. The response to 15-PGJ2 was maintained in cells cultured in media containing 0.1 and 1.0 mM Mg (figure 3B).
Discussion
Microvascular endothelial cells play a key role in the development and maintenance of cutaneous inflammation [4] . In psoriatic skin, endothelial cells actively display adhesion molecules for leukocyte recruitment, and mediate inflammation [16] . In patients with dermatitis herpetiformis, endothelial cell activation seems to play a critical role in the development of the skin lesions [17] .
This study investigated whether and, if so, how low Mg activates an inflammatory phenotype in microvascular dermal endothelial cells. In agreement with studies performed using HUVEC, in Mg-deficient HMEC, NFB is rapidly activated. In particular, we show increased nuclear Nuclear and cytosolic fractions from HMEC exposed for 2 h to medium containing 0.1 or 1.0 mM Mg were analyzed by western blot using antibodies against p65. TBP was used as a nuclear marker and GAPDH as a cytosolic marker. C) Luciferase assay was performed in HMEC cultured in 0.1 or 1.0 mM Mg after transfection with a plasmid containing multiple copies of the NFB consensus as described in the methods. Luciferase activity was detected with a luminometer. Results are shown as the mean ± SD of three separate experiments.
localization of the p65 subunit, which correlates with the functional induction of NFB activity. Analogously, low extracellular Mg activates NFB in primary cultured, cerebral vascular smooth muscle cells [18] . Moreover, Mg supplementation markedly attenuates NFB nuclear translocation and protects IkB from degradation in LPS-treated HUVEC [19] . Recently, Mg has been demonstrated to protect microglia against LPS by inhibiting NFB signaling [20] . Therefore, Mg contributes to the complex regulation of NFB activity in various systems. Active NFB, in turn, participates in the control of transcription of hundreds of target genes, including those for cytokines and chemokines [21] . Using protein array, we found that, when compared to their controls, HMEC cultured in 0.1 mM Mg showed an increased secretion of only IL-8 and MCP-1 out of the 40 proteins examined known to be involved in inflammation, thus responding to low Mg differently from HUVEC [8] . IL-8 is a CXC chemokine associated with the promotion of neutrophil chemotaxis and degranulation. Its expression is primarily regulated by NFB-mediated transcriptional activity, although additional hormone response elements have been characterized on the IL-8 gene promoter. IL-8 is also induced by low Mg in HUVEC [8] , and therefore IL-8 might represent a signature of Mg deficiency in different types of endothelial cells. Interestingly, keratinocytes express IL-8 receptors, and IL-8 stimulates human keratinocyte migration and proliferation, thus indicating that this chemokine also contributes to the integration of inflammatory events and reparative processes in the skin [22] . Accordingly, in healing human wounds, IL-8 is markedly expressed along the denuded wound surface where keratinocytes migrate from the wound edge to close the epidermal defects [23] .
Differently from HUVEC, Mg-deficient HMEC secrete large amounts of MCP-1, another target of NFB. MCP-1 is a member of the CC chemokine family, and a potent chemotactic factor for many inflammatory cells including monocytes, T cells, dendritic and, in the skin, Langerhans cells [24] . In general, the chemokines produced by endothelial cells play a significant role in the pathophysiology of cutaneous inflammation, wound healing and other cutaneous diseases [25] [26] [27] [28] , including psoriasis [29] . For instance, small CC chemokine ligand 21 (CCL21) expression is consistently induced in the endothelial cells of all T-cell infiltrative autoimmune diseases of the skin, while it is not expressed in the endothelial cells of healthy skin [30] . HMEC behavior also diverges from that which has been observed in murine lung microvascular endothelial cells, where the increased release of IL-1s and IL-6 in Mg-deficient cells was observed [7] . Indeed, endothelial cells from brain, liver, lung and other organs express distinct surface markers, protein transporters, enzymes and mediators, probably because of tissue-specific factors that maintain specialized endothelial features [4] .
We also investigated the effect of Mg deficiency on PPAR␥ activity. Interestingly, PPAR␥ inhibits NFB through several mechanisms. It forms direct complexes with NFB family members, and also shuttles NFB subunits from the nucleus to the cytosol [31] . Accordingly, the activation of PPAR␥ negatively influences the production of inflammatory cytokines such as TNF␣, IL-6, and IL-1 [31] . We found that while the total amounts of PPAR␥ remain unvaried in HMEC in 0.1 or 1.0 mM Mg, the activity of the transcription factor is significantly increased under Mg-deficient conditions. PPAR␥ is activated by natural ligands, such as eicosanoids and fatty acids. More studies are required to understand whether Mg deficiency induces the synthesis of these lipids in HMEC. At the moment, only prostacyclins are known to be induced by exposure of endothelial cells to low Mg [32] . Recently, the serine/threonine phosphatase PPM1B [PP (protein phosphatase), Mg 2+ /Mn 2+ dependent, 1B] has emerged as a novel selective modulator of PPAR␥ activity [33] . We argue that under Mg deficiency, PPM1B might not function properly, thus impairing PPAR␥ activity. Actually, the regulation of PPAR␥ is rather complicated and also involves the recruitment of various co-activators. Therefore, it would be appropriate to study in detail the regulation of this nuclear receptor in Mg-deficient cells. In macrophages, PPAR␥ represses only a subset of NFB target genes [34] . We hypothesize that something similar might also be happening in HMEC since we did not detect any induction of IL-1s, TNF␣ and IL-6, all NFB targets that are upregulated in other systems in vivo and in vitro under Mgdeficient conditions [6] [7] [8] . Future studies aimed at silencing PPAR␥ will clarify its relevance in controlling NFB activity in endothelial cells cultured in various concentrations of Mg. It is worth noting that PPAR␥ also inhibits angiogenesis [35, 36] , and we have recently demonstrated that Mg deficiency and the silencing of one transporter of Mg, namely TRPM7, induce the acquisition of an anti-angiogenic phenotype in HMEC [14] .
Conclusions
Mg deficiency activates both NFB and PPAR␥ in HMEC. Our results suggest that PPAR␥ might interfere with the activity of NFB, thus modifying the response of these cells to low Mg.
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